Sequences which control basal human T-cell lymphotropic virus type I (HTLV-I) transcription probably play an important role in initiation and maintenance of virus replication. We have identified and analyzed a 45-nucleotide sequence (downstream regulatory element 1 [DRE 1]) at the boundary of the R/U5 region of the long terminal repeat which is required for HTLV-I basal transcription. The basal promoter strength of constructs that contained deletions in the R/U5 region of the HTLV-I long terminal repeat were analyzed by chloramphenicol acetyltransferase assays following transfection of Jurkat T cells. We consistently observed a 10-fold decrease in basal promoter activity when sequences between +202 to +246 were deleted. By reverse transcriptase polymerase chain reaction RNA analysis, we confirmed that the drop in chloramphenicol acetyltransferase activity was paralleled by a decrease in the level of steady-state RNA. DRE 1 did not affect the level of Tax, transactivation. Using a gel shift assay, we have purified a highly enriched fraction that could specifically bind DRE 1. This DNA affinity column fraction contained four detectable proteins on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis: p37, p50, p60, and plO0. The affinity column fraction stimulated HTLV-I transcription approximately 12-fold in vitro. No effect was observed with the human immunodeficiency virus or adenovirus major late promoters. Following renaturation of the proteins isolated from an SDS-containing gel, p37, but not the other protein fractions, was able to specifically bind to DRE 1.
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Replication of human T-cell lymphotropic virus type I (HTLV-I) is regulated at the transcriptional and posttranscriptional levels by viral gene products, p40w (Tax,) and p27' (Rex1) (1, 11, 13, 15, 17, 42) . The Tax1 transactivator positively regulates expression of viral mRNAs and several cellular growth regulatory genes and cytokines including c-sis, c-fos, interleukin-2 (IL-2), IL-2Ra, granulocyte-macrophage colony-stimulating factor, vimentin, proenkephalin, and PTHrP (12, 21, 22, 28, 36, 40, 44, 46) . The Rex1 gene product regulates the expression and transport of singlyspliced and unspliced viral mRNAs which encode the structural gene products Gag, Env, and Pol. Recently, two new viral mRNAs which code for two previously unidentified proteins, Tof and Rof, have been identified (8) . The function of these proteins remains to be established.
The 5'-U3 region of the HTLV long terminal repeat (LTR) contains important elements needed for Tax1 transactivation. The 21-bp repeat elements (TRE-1) confer Tax1 responsiveness and function in either orientation, and two or more of these elements confer Tax1 responsiveness to heterologous promoters (5, 30, 35, 39) . A second Tax1-responsive element (TRE-2) is located between the two proximal 21-bp repeats at -117 to -163 and is a binding site for SP1, TIF-1, Ets, and Myb (3, 4, 14, 26, 32) . Sequences downstream of the RNA initiation site, encompassing the R region and the 5' portion of the U5 region, have also been shown to be important for HTLV-I gene expression. Nakamura et al. reported that a 136-bp fragment (+104 to +240) increased the level of HTLV-I gene expression (31) . Consistent with this report, Seiki et al. reported that sequences between +32 and +266 elevated mRNA synthesis (38) . The downstream * Corresponding author. element was orientation independent but was effective only when it was located between the transcription initiation site and the translation initiator site. The downstream regulatory sequence was not Tax1 responsive. A distinct regulatory element, described by Seiki et al. (38) , which may function as an RNA element, is located between +266 and +347. Downstream regulatory elements have been shown to play an important role in the positive and negative regulation of several viral and cellular genes (7, 9, 16, 20, 25, 27, 29, 34, 43, 45, 47) . For example, in the adenovirus (Ad) type 5 ElA promoter a 10-fold reduction in the steady-state RNA level is observed in response to a single-base deletion 399 nucleotides downstream of the transcription start site (34) . In the bovine leukemia virus promoter, deletion of a positive control element in a 250-bp segment downstream of the RNA start site reduces gene expression by 87% (9) . When this 250-bp position-dependent sequence was inserted downstream of the transcription start site of a simian virus 40 early promoter, chloramphenicol acetyltransferase (CAT) activity increased 60-fold. In contrast to the upstream bovine leukemia virus enhancer, the 250-bp downstream element is active in both bovine leukemia virus-infected and uninfected cells, suggesting a role for cellular factors (9) . In the c-myc gene, a downstream transcription modulator is required for transcription from the c-myc P2 promoter. The modulator is orientation dependent and promoter specific, increasing transcription from the c-myc P2 promoter and simian virus 40 upstream early promoter (pSVE2) but not the c-myc P1 promoter or the simian virus 40 downstream early promoter (pSVE1) (47) . In minute virus of mice, a downstream 365-bp element (DPE) is essential for basal transcription from the P38 promoter (20) .
In the work described in this report, we have analyzed the effect of the RIU5 region and characterized 45 bp that is needed for Tax1-independent basal transcription. Using a gel shift assay, we have purified a highly enriched protein fraction that could specifically bind DRE 1. This DNA affinity column fraction contained four proteins detectable on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE): p37, p5O, p60, and plOO. This protein fraction stimulated HTLV-I transcription approximately 12-fold in vitro. One of these proteins, p37, was able to specifically bind to DRE 1.
MATERIALS AND METHODS
Plasmid constructs. Primers were synthesized with 5' BglII-X7hoI and 3' BglII sites. After polymerase chain reaction (PCR) amplification, the DNA was cleaved with BglII, purified on a 1.5% agarose gel, and electroeluted in 1 x TAE buffer at 50 V for 2 to 10 ml, medium; Pharmacia), and a total of 89 mg was recovered from the flowthrough. Next, the recovered extract was loaded onto a Sephacryl S-200 sizing column (bed volume, 40 ml, high resolution, Pharmacia). We recovered a total of 35 mg, which was loaded onto a fast protein liquid chromatography (FPLC) Mono-S ion-exchange column (bed volume, 10 ml; Pharmacia), and the flowthrough which contained the activity (15 mg total) was loaded onto an FPLC-DNA affinity column (18) . The (44) . The reverse-transcribed products were then subjected to PCR in the presence of 1 pmol of 5' sense and 3' antisense primers, 200 mM deoxynucleoside triphosphates, and 2.5 U of Taq polymerase in a buffer containing 50 mM KCI and 1.5 mM MgCl2. Samples were subjected to 40 cycles of amplification consisting of denaturation for 1 min at 94°C, primer annealing for 1 min at 53°C, and polymerization for 2 min at 72°C. Two sets of primers were used in the same test tube for each PCR amplification. One set of primers amplified HTLV-I-specific mRNA, and the other set amplified actin-specific mRNA. First-strand cDNA synthesis was performed with 5'-CTG GATATTACGGCC-3' primer at the PvuII site of the CAT gene, and PCR amplification was performed with + 1 to + 15 of HTLV-I sequence 5'-GGCTCGCATCTCTCC-3'. The use of a single set of primers to amplify all HTLV-I RT samples eliminates the hybridization variability and efficiency of multiple primers. An actin-specific sequence served as an internal test control and was defined by 5'-TTCTACAAT GAGCTGCGTGT-3' and 5'-GCCAGACAGCACTGTGT TGG-3' sense and antisense primers, respectively. The amplified 636-bp actin signal was detected by an internal 40- We have constructed a series of 3' deletion mutants and inserted them upstream of the CAT gene in pCAT3M. This was done by using an identical 5' primer and different 3' primers to amplify the fragment of interest by PCR (see Materials and Methods). The resulting nine constructs contained intact U3 sequences and a varying number of bases at the R and U5 regions of the HTLV-I LTR (Fig. 1A) . After the fragments were subcloned into the CAT vector, the plasmids were electroporated into Jurkat T cells at the midto late log phase of growth and CAT assays were performed with equal amounts of protein lysates (30 ,ug) (Fig. 1B) . The wild-type construct (-450 to +262) is functional in Jurkat T cells and can be transactivated by HTLV-I Tax1 (Fig. 1B,  lanes 1 and 2) . In contrast, constructs that include sequences from -450 to +202 have very little basal activity (lanes 3 to 8). The basal transcription was increased 10-to 20-fold when downstream sequences +203 to +262 were present in the HTLV-I promoter (lanes 9 to 11). The R/U5 region regulatory element, required for basal transcription, was named downstream regulatory element 1 (DRE 1). This basal transcription was independent of Tax1 transactivation (data not shown).
We next analyzed mRNA expression in cells transfected with the 3' deletion constructs. RNA was isolated and subjected to RT and PCR amplification. Two sets of primers were used in each reaction, one set to amplify HTLV-Ispecific sequences and the second to amplify actin-specific mRNA as an internal control. It is important to note that a single set of PCR primers was used to amplify all HTLV-I RT samples to avoid quantitative hybridization variability in the PCR. The PCRs were divided in half, run on agarose gels, Southern blotted, and hybridized with either CAT or actin probes. Consistent with the results of the CAT assay, RNA expression levels of plasmids pds+220 (Fig. 2A, lane  7) , pds+246 (lane 8), and pds+262 (lane 9) were increased compared with those of deletion mutants pds+157 (lane 5) and pds+202 (lane 6). As a control, the levels of actin mRNA in these RT-PCRs was measured, and similar amounts of actin-amplified mRNA were observed (Fig. 2B) .
For RNA 5'-end analysis, primer extension reactions were performed with a [y-32P]ATP-end-labeled antisense primer (approximately 2 x 106 cpm), 5'-TGTAACGGCGCAGAAC-3', which includes HTLV-I sequences +248 to +263 downstream of the RNA initiation site. Then 5,ug of RNA, isolated from transfected or control untransfected Jurkat T cells, was added to each primer extension reaction. In a parallel reaction, DNA dideoxy sequence reactions were performed on a single-stranded M13mpl8 DNA or a denatured double-stranded HTLV-I DNA template. In the HTLV-I DNA dideoxy sequence reaction, the same +248 to +263 oligonucleotide used for primer extension of RNA was used. Electrophoretic analysis of the primer extension products resulted in the appearance of one major DNA band (Fig.   2C, lane 1, and D, lane 2) . Analysis of the primer extension products demonstrated that the major product was 263 bases in length and corresponded to the authentic RNA initiation site previously identified for HTLV-I (Fig. 2C and D) . The minor primer extension products of 255 and 258 bases, as well shorter products, were not reproducibly detected in the primer extension analysis and most probably. reflect incomplete extension products. No primer extension product was detected following incubation with the RNA from control Jurkat cells (Fig. 2C, lane 2; and D, lane 1) , demonstrating the specificity of the primer for HTLV-I RNA.
Jurkat 16 could specifically transactivate the HTLV-I LTR (Fig. 4A, lanes 1 to 4) . The concentration of the template DNA, pU3R-CAT, was kept low (200 ng) so that very little transcription was seen in the absence of any transactivator. The transactivation was concentration dependent. When 160 ng of protein was added to the in vitro transcription assay, no increase in the level of HTLV-I transcription was observed (lanes 1 and 2) . As the concentration of fraction 16 was increased to 480 ng, a significant increase in HTLV-I transcription was observed (lane 3). When the amount of fraction 16 was further increased, 1,120 ng per reaction, no increase in HTLV-I transcription was observed (lane 4). The specificity of fraction 16 was assayed by using the adenovirus major late activity was observed when the DNA affinity column fraction was added to in vitro transcription reactions containing the AdML promoter (lanes 5 to 8).
Fraction 16 was made up of four detectable bands by silver stain. These four proteins, p37, p50, p60, and plO0, were excised from the gel, renatured and analyzed by band shift assay. Of these four proteins, only purified p37 (Fig. 4C ) was able to bind the probe (+188 to +262) (Fig. 4B, lanes 3 to 6) . The binding specificity of p37 was analyzed by using the set of oligonucleotides depicted in Fig. 3B as competitors. The p37 band shift could specifically be competed out by the +195 to +240 oligonucleotide (Fig. 4D , lanes 4 and 5; data not shown). It was found that p37 and fraction 16 both have the same specificity in band shift assay. Finally, we analyzed the effect of protein binding to oligonucleotides containing point mutations (Fig. 5) . The selection of this site for point mutagenesis is discussed below. An oligonucleotide was synthesized from +195 to +240, containing five base point mutations at the following positions: +204 (C to A), +205 (T to G), +210 (C to A), +213 (C to A), and +216 (G to A). Band shift analysis was performed to determine whether this oligonucleotide could compete for p37 binding (Fig. 5) . The wild-type +195 to +240 oligonucleotide competed for binding (lane 5), but the five-base point mutant was unable to effectively compete (lane 6). Taken together, these results suggest that p37 specifically binds to DRE 1 and may in fact allow higher basal transcription from the HTLV-I promoter.
DISCUSSION
Several reports have indicated that there are two independent types of transcription control elements in the LTR responsible for maximum gene expression. Elements of one type, characterized by regulatory sequences such as TRE-1 or TRE-2, are located upstream from the core promoter in the U3 region and are responsible for transactivation by Tax1. Another type of element is present in a fragment of 300 bp derived from the R and 5' half of the U5 region. The function of this second element does not require Tax1. In addition, no extensive homology was found in sequences between the R/U5 fragment and the U3 fragment of the HTLV-I LTR. These structural and functional properties of the second domain suggest that it is a unique control element for gene expression distinct from the Tax1 responsive element (31, 33) . The R regions in the LTRs of HTLV-I and BLV are considerably longer (228 bp) than those of other retroviruses (13 to 100 bp). These longer R regions may be due to the acquisition of sequences to enhance gene expression.
In this study, the effect of sequences at the 3' end of the region that are required for basal transcriptional activity has been analyzed. The sequence that allows maximal detection of the reporter CAT enzyme is from +202 to +246. DRE When the DRE 1 DNA-binding factor was purified from Jurkat T cells, we found that a protein of approximately 37 kDa was sufficient to give the proper band shift, which could be specifically competed out by cold competitor (+195 to +240). This protein was excised out of a denaturing polyacrylamide gel, renatured, and used for band shift analysis. It is important to note that although gel-purified p37 could specifically bind DNA, the protein did not increase HTLV-I basal transcription in vitro. We detected increased HTLV-I transcription only from the DNA affinity column fraction 16 , which contained four partially purified proteins. The inability of p37 to increase transcription could be due to several factors, including improper folding during renaturation to a protein conformation that is not transcriptionally active. In addition, it is possible that p37 is the DNA-binding subunit of a multisubunit transcription complex and requires proteins such as p50, p60, or plOO to establish a competent transcriptional complex.
Our present analysis demonstrates that the DNA sequence element DRE 1,  
